. Is hemoglobin in hemoglobin vesicles infused for isovolemic hemodilution necessary to improve oxygenation in critically ischemic hamster skin? Am
blood substitutes; capillary hemodynamics; hypoxia; capillary leakage; apoptosis CRITICAL ISCHEMIA is characterized by a reduction of nutrient blood flow, thus causing hypoxia that may eventually lead to apoptosis and cell death. One of the most frequent etiologies of critical ischemia is the acute peripheral arterial obstruction. Oxygenation and survival of ischemic myocardial (13, 24) , cerebral (23, 32) , and peripheral (6) tissues could successfully be improved after the infusion of solutions containing artificial oxygen carriers, such as perfluorocarbons and chemically modified Hbs.
In recent studies (8, 12) , we were able to demonstrate that hypoxia in ischemic hamster flap tissue was attenuated by isovolemic hemodilution with colloid solutions supplemented with phospholipid vesicles containing isolated, purified human Hb. The effect was ascribed to the combination of an improvement of the impaired microcirculation and the presence of the Hb vesicles (HbVs) (12) , and it correlated with the degree of blood exchange (8) . However, it was not possible to outline the extent to which either the rheological changes or the presence of Hb contributed to this benefit. In other words, it could not be excluded that similar success could have been achieved with the use of phospholipid vesicles void of oxygen carriers, which in turn would have a significant impact on their clinical application, because the manufacturing of the vesicles could be simplified and possible adverse effects related to the encapsulated Hb could be avoided. Furthermore, it may be postulated that the presence of cell-free Hbs may lead to arteriolar vasoconstriction with (4, 26) or without (14) scavenging of nitric oxide, which may further deteriorate microvascular perfusion and oxygen delivery in the ischemic tissue.
In this context, the viscosity of the diluent appears to play a pivotal role. Because of the large size of the vesicles, the viscosity of HbV solutions is manyfold higher than that of hamster plasma (12, 26) . Raising the viscosity in the plasma phase of the circulating blood led to shear stress-induced, nitric oxide-mediated arteriolar vasodilation (2, 9) , which was made responsible for increasing microcirculatory blood flow (2) , microvascular pressure (3) , and functional capillary density (FCD) (2, 3) in healthy tissue in hamsters. Furthermore, according to the Stokes-Einstein equation, the diffusivity of oxygen through the plasma is inversely proportional to its viscosity, an effect that may contribute to the distribution of oxygen release in favor of hypoxic tissues, in which oxygen diffusion is ensured by the high gradient of partial oxygen tension.
The hypothesis to be tested in this study was whether the presence of Hb in the HbV is needed to obtain the previously reported benefit of isovolemic hemodilution with HbV on the oxygenation of the ischemic hamster flap tissue (8, 12) or whether similar effects could be obtained with a suspension of vesicles void of Hb due to their viscosity-related effect on arteriolar and capillary hemodynamics and on tissue oxygenation. the approval of the local Animal Ethics Committee. Forty-eight male Syrian golden hamsters weighing 65-85 g were used in this study. The animals were randomly assigned to the control group or to one of three groups subjected to normovolemic hemodilution with 6% hydroxyethyl starch 200 -0.5 (HES; Fresenius, Stans, Switzerland) or vesicles with or without encapsulated Hb suspended in hydroxyethyl starch (HbV-HES and V-HES, respectively).
Animal and flap preparation. A hamster skin flap model was used as previously described in detail (7, 8, 10 -12) . Anesthesia was induced by pentobarbital sodium (Nembutal) injected intraperitoneally (100 mg/kg body wt; Abbott Laboratories, Chicago, IL). The carotid artery and external jugular vein were cannulated for administration of anesthesia, blood exchange, laboratory analysis, and monitoring arterial blood pressure (Type514; Spacelabs, Hillsboro, OR). Catheterization and flap dissection were performed with the aid of an operating microscope at ϫ10 magnification (Wild; Heerbrugg, Switzerland). An island flap measuring 3 ϫ 2 cm was dissected from the shaved and epilated back skin of the animal. The flap consisted of skin and a thin layer of panniculus carnosus muscle, and it was perfused by one vascular axis, which bifurcates into two equal-sized branches within the flap, each of them supplying a separate vascular territory. One of the branches was transected after being secured with microsurgical ligatures, thus rendering the corresponding vascular territory ischemic. This tissue was merely perfused by a collateral vasculature connecting the two vascular networks. During surgery, the flap was irrigated with 0.9% NaCl solution to prevent the flap from drying out. The animal was placed on a specially designed Plexiglas stage including a platform for fixation of the flap. During surgery, 4 mg papaverine hydrochloride (Sigma Chemical, St. Louis, MO) dissolved in 1 ml physiological saline solution were applied to the pedicle by a soaked cotton tip to prevent vascular spasm.
Vesicle solutions. The vesicles were prepared as previously reported (27, 28) . They consisted of a phospholipid bilayer membrane coated with polyethylene glycol encapsulating either physiological saline solution (V) or isolated and purified human hemoglobin (HbV). The sizes of V and HbV were 274 Ϯ 32 and 253 Ϯ 63 nm, respectively. The Hb concentration inside the HbV was ϳ35 g/dl, and its P 50 was 9 mmHg, which was calculated from the O2 equilibrium curve measured with a Hemox Analyzer (TCS Medical Products) at 37°C (33) . The vesicles were suspended in a solution with a final HES concentration of 6%.
Laboratory analysis. Blood samples were collected in 40-l heparin-washed microtubes for measurement of total Hb concentration and arterial blood gases with the use of the Radiometer ABL 625 system (Radiometer; Copenhagen, Denmark). By validating this system, we have found that the vesicle-bound hemoglobin concentration may be overestimated by maximally 10%, whereas the results were not affected by the lipid concentrations present in our study. Hematocrit was determined by centrifugation. The colloid osmotic pressure of the diluents was measured with a colloid osmometer (model 4420; Wescor, Logan, UT) with a 30-kDa cutoff membrane. The viscosity was measured with a cone-plate viscometer (PVIIϩ; Brookfield Engineering, Middleboro, MA) or a capillary rheometer (Anton Parr DCS 300; Parr Physica, Graz, Austria) at 37°C. Viscosities of blood and plasma were measured 4 h after hemodilution with a Höppler-type viscosimeter (HAAKE Messtechnik, Karlsruhe, Germany). The physicochemical characteristics of the solutions are summarized in Table  1 . Oxygen content (ml/dl) in the carotid artery was calculated according to the equation
where 1.34 corresponds to the amount of oxygen (given in milliliters) bound to 1 g of Hb at 100% saturation. SO2 is the fractional oxygen saturation of red blood cells (RBCs) and HbV, which was derived from PO 2 by using the oxygen dissociation curves of the two hemoglobins (29) . Microhemodynamic measurements. Investigations were performed with the use of an intravital microscope (Axioplan 1; Zeiss, Jena, Germany). Microscopic images were captured by a television camera (intensified charge-coupled device camera; Kappa Messtechnik, Gleichen, Germany), recorded on video (50 Hz; Panasonic, Osaka, Japan), and displayed on a television screen for subsequent off-line analysis (Trinitron PVM-1454QM; Sony, Tokyo, Japan). The preparation was observed visually with a ϫ40 objective with a numerical aperture of 0.75, which resulted in a theoretical resolution of ϳ300 nm and a total optical magnification of ϫ909 on the video monitor, where 1 pixel corresponded to 264 nm in the tissue. The microvessels were classified according to physiological and anatomical features into conduit arterioles (connections to each other), end arterioles, and small venules (10, 12) . The vessels were chosen for examination according to their optical clarity. The intraluminal microvascular diameters were measured visually on the television screen with the use of 2% fluorescein isothiocyanate-labeled dextran (FITC dextran, molecular mass 150 kDa; Sigma Chemical, Buchs, Switzerland) injected intra-arterially (0.05 ml), an excitation filter (485-505 nm), a dichroic mirror (510 nm), and a barrier filter (530 nm). The capillary hemodynamics and macromolecular leakage were assessed with a computer-assisted image analysis system (CapImage; Zeintl Software, Heidelberg, Germany) (17) . Capillary diameters were obtained from the averages of five consecutive measurements. Because the capillary diameters measured with the present technique may possibly be underestimated because of the use of fluorescence microscopy and the optical properties of the microscope (22) , the values were given in percentages of the mean obtained in the anatomically perfused tissue of the control group at baseline. FCD was defined as the length of RBC-perfused capillaries per observation field and expressed in centimeters per square centimeters. The product of RBC velocity and FCD was taken as an index reflecting the perfusion of the tissue with RBCs. The endothelial integrity was assessed by measuring macromolecular leakage (18) . This was achieved by densitometric analysis of the fluorescence of FITC dextran 10 min after its injection. Macromolecular leakage was expressed by the ratio of fluorescence obtained in the interstitial space versus capillary fluorescence. Tissue oxygen tension. Partial tissue oxygen tension was assessed with combined bare fiber probes with a tip diameter of 450 m (Oxylite probes; Oxford Optronix, Oxford, UK). The sensitive tip of the oxygen probe (100-m diameter) consists of ruthenium-III-(Tris)-chloride, which measures PO 2 by fluorescence quenching of the dye. A T-type thermocouple was attached to the probe, which was coated with a biocompatible sleeve of polyurethane. According to the manufacturer, the bare fiber probe provides resolutions of Ͻ1 mmHg and 0.1°C for partial oxygen tension and temperature, respectively, and the sampling area of the oxygen sensors is 0.25-0.35 mm 3 . The probes were inserted into the subcutaneous tissue in the middle of each vascular territory under visual microscopic control. Care was taken to place the probes in such a way that no arterioles or large venules lay within the sampling area.
Tissue viability. The occurrence of apoptosis was assessed with the transferase-mediated dUTP nick end-labeling (TUNEL) assay (In Situ Cell Death Detection Kit, tetramethylrhodamine red; Roche Diagnostics, Rotkreuz, Switzerland) (1). All steps were performed according to the supplier's instructions. Tissue samples were obtained from the middle of each vascular territory. The samples were transferred to gelatinized microslides and air-dried overnight at 37°C. The sections were dewaxed in xylene (three changes), rehydrated in ethanol, and rinsed in Tris-buffered saline [50 mM Tris ⅐ NaCl, pH 7.4, containing 100 mM sodium chloride (two changes)], and then incubated in 20 g/ml proteinase K for 15 min at room temperature. Endogenous peroxidase activity was suppressed by treatment with 0.3% hydrogen peroxide for 10 min. The sections were then incubated with terminal deoxynucleotidyl transferase enzyme for 1 h at 37°C followed by peroxidase-conjugated anti-digoxigenin antibody for 30 min at room temperature. The reaction was visualized by diaminobenzidine substrate for 8 min at room temperature. Thereafter, the sections were washed three times with Tris-buffered saline. The labeled DNA fragments were visualized by incubating the sections with tetramethylrhodamine used as a fluorescence marker, and the sections were examined with a fluorescence microscope (Leica DM/RB; Leica Microsystems, Wetzlar, Germany). Data were given as the averages of fluorescent cells counted in five randomly selected visual fields (0.5 ϫ 0.5 mm) for the dermis and epidermis separately. Sebaceous glands and hair follicles were identified and excluded from the cell counts because of their consistently high apoptosis rate.
Protocol. The animals were kept under light anesthesia with a continuous infusion of 50 mg/ml pentobarbital sodium given at a rate of ϳ0.5 mg ⅐ min Ϫ1 ⅐ kg body wt Ϫ1 throughout the experiment. The depth of anesthesia was regulated by tolerance of a noxious reflex due to pinching of the hind paw but no nonaversive reflexes (palpebral, corneal, and jaw reflex) (10) . A constant temperature in the animal and flap preparation was maintained by means of a heating pad and by keeping room temperature at 28°C.
Baseline values were obtained after a postoperative period of 1 h had elapsed for stabilization. Thereafter, one-third of the total blood volume was exchanged with HES or the vesicle solutions. This was achieved by simultaneous blood withdrawal via the carotid catheter and infusion via the jugular catheter over 15 min. Measurements were taken hourly until 4 h after hemodilution, and tissue samples for immunohistochemical analysis were taken after 5 h.
Exclusion criteria were abnormalities of the vascular anatomy, insufficient optical clarity, mean arterial pressure Ͻ60 mmHg, and systemic arterial pH, PO2, and PCO2 outside the normal ranges at baseline (7.19 -7.29, 35-55, and 45-65 mmHg, respectively).
The animals were euthanized with an overdose of pentobarbital sodium at the end of the experiment.
Statistical analysis. The InStat version 3 program (Graph Pad Software; San Diego, CA) was utilized for statistical analysis. The data were presented as means Ϯ SD. The time-related differences between repeat measurements were assessed by the paired ANOVA, followed by Dunnett's posttest. The differences between groups were assessed by the unpaired ANOVA, followed by Tukey's posttest. If only two sets of data were to be compared, paired (repeat measurements) and unpaired (differences between groups) t-tests were used. A value of P Ͻ 0.05 was taken to represent statistical significance.
RESULTS
Six animals did not fulfill the inclusion criteria and were excluded from this study, thus resulting in sample sizes of n ϭ 11 for control, n ϭ 11 for HES, n ϭ 9 for V-HES, and n ϭ 11 for HbV-HES.
The systemic data are summarized in Table 2 . Similar hematocrits were obtained in all hemodiluted animals. The blood exchange reduced mean total Hb concentration to 10.4 and 10.1 g/dl for HES and V-HES, respectively, but only to 13.0 g/dl if HbV was added (P Ͻ 0.01 vs. other groups). Hemodilution increased arterial PO 2 to mean values of 58 -61 mmHg (P Ͻ 0.01 vs. baseline) and decreased PCO 2 to 40 -41 mmHg (P Ͻ 0.05 ), whereas pH remained virtually unchanged. Compared with the control animals, plasma viscosity was increased from 1.34 to ϳ1.7 cP after hemodilution with both vesicle solutions (P Ͻ 0.01 vs. control) but not with HES (Table 1) .
Hemodilution resulted in an arterial oxygen content decrease from ϳ18 to 12.8 Ϯ 1.5 ml/dl for HES and 12.6 Ϯ 1.3 ml/dl for V-HES (both P Ͻ 0.01) after 4 h, whereas this reduction of oxygen-carrying capacity was significantly attenuated by adding HbV to the diluent (15.7 Ϯ 1.2 ml/dl; P Ͻ 0.01 vs. baseline and other groups) (Fig. 1) . At baseline, the microvascular diameters were 42 Ϯ 17 m for conduit arterioles, 10.6 Ϯ 3.5 m for end arterioles, and 88 Ϯ 14 m for venules. In both flap areas and in all groups, the diameters were similar at baseline and they remained virtually unchanged throughout the experiments.
The behavior of the capillary hemodynamics in both parts of the flap is shown in Fig. 2 . At baseline, the capillaries in the ischemic tissue were significantly wider than the anatomically perfused capillaries (means of 3.31-3.33 vs. 2.79 -2.82 m; P Ͻ 0.01). In the control group, the capillaries further dilated over time in both the anatomically perfused and the ischemic tissue by 25% and 9%, respectively (both P Ͻ 0.01). This time-related dilation was significantly attenuated in all hemodiluted animals (P Ͻ 0.01 vs. control), the most pronounced after HbV-HES, which resulted in a reduction of capillary diameter in the ischemic tissue to values close to baseline values obtained in the anatomically perfused tissue (2.85 Ϯ 0.03 m; P Ͻ 0.01 vs. baseline and other groups). The induction of ischemia reduced capillary RBC velocity by ϳ60% (P Ͻ 0.01). Hemodilution increased RBC velocity by ϳ50% in the anatomically perfused tissue and ϳ150% in the ischemic tissue (both P Ͻ 0.01 vs. baseline and control) for all diluents, whereas RBC velocity further declined in the ischemic tissue of the control animals over time by 67% (P Ͻ 0.01). In the ischemic tissue, baseline FCD was ϳ50% lower than in the anatomically perfused tissue (P Ͻ 0.01). In the control group, FCD decreased to 85% of baseline in the anatomically perfused tissue and to 69% in the ischemic tissue over time (both P Ͻ 0.01), whereas hemodilution kept FCD at baseline levels in the anatomically perfused tissue (P Ͻ 0.01 vs. control) and increased FCD in the ischemic tissue by 31% after HES (P Ͻ 0.01 vs. other groups), 66% after V-HES, and 62% after HbV-HES (all P Ͻ 0.01 vs. baseline). At baseline, the calculated RBC perfusion index in the ischemic tissue was reduced to ϳ20% of the value obtained in the anatomically perfused tissue (P Ͻ 0.01), and it was further decreased in both tissues of the control animals over time (P Ͻ 0.01). Hemodilution raised the RBC perfusion index by ϳ50% in the anatomically perfused tissue, independently of the diluent given (P Ͻ 0.01 vs. baseline and control), and by 186% after HES (P Ͻ 0.01 vs. other groups), 330% after V-HES, and 316% after HbV-HES in the ischemic tissue (all P Ͻ 0.01 vs. baseline and control; P ϭ not significant between vesicle groups).
The baseline macromolecular leakage was slightly increased in the ischemic tissue compared with the anatomically perfused part (not significant; Fig. 3 ). In the control and HES groups, macromolecular leakage was increased by 20 -30% in both parts of the flap over time (P Ͻ 0.01 for anatomical; P Ͻ 0.05 for ischemic), whereas it remained virtually unchanged after hemodilution with the vesicle solutions (P Ͻ 0.01 vs. control and HES).
The baseline mean PO 2 ranged from 22.7 to 25.2 mmHg in the anatomically perfused tissue and was significantly reduced in the ischemic tissue to 10.2-10.8 mmHg (P Ͻ 0.01; Fig. 4) . The values remained at baseline levels in both parts of the flap and in all groups except for HbV-HES, which led to a significant PO 2 increase to 16.0 Ϯ 1.8 mmHg in the ischemic tissue (P Ͻ 0.01 vs. baseline and other groups).
A massive accumulation of TUNEL-positive nuclei was observed in the ischemic tissue of untreated animals (Fig. 5) . Compared with the anatomically perfused tissue, a 2-fold increase was counted in the dermis and a 1.5-fold increase in the epidermis ( Fig. 6 ; both P Ͻ 0.01), which were both partly attenuated by diluting the animals with HES and V-HES (both P Ͻ 0.01 vs. control) and completely abolished after HbV-HES, which also revealed significantly lower counts in the anatomically perfused tissue (P Ͻ 0.01 vs. other groups).
DISCUSSION
This study was designed to determine the relevance of Hb supplemented as an oxygen carrier to a solution used for isovolemic hemodilution with the scope of improving oxygenation in critically ischemic tissue, as previously described (8, 12) . This was made possible by direct comparison of the oxygen-carrying solution with a solution void of oxygen carriers but with otherwise absolutely identical physicochemical properties, a constellation that, to our knowledge, has not yet been investigated. Our findings revealed that the presence of Hb in the vesicles administered in the course of isovolemic hemodilution was essential to significantly attenuate both hypoxia and subsequent cell death in the critically ischemic tissue, which were restored to values in the range of those found in the anatomically perfused tissue.
However, some benefit in tissue survival could also be obtained with the diluents void of oxygen carriers, which was related to a substantial improvement in all capillary hemodynamic parameters, and which was more pronounced in the compromised microcirculation in the ischemic tissue. The level of hemodilution we chose is considered to yield the maximal RBC flux at the capillary level (20) . However, compared with HES, the improvement in capillary hemodynamics in the ischemic tissue was further enhanced by adding vesicles to the solution, which resulted in a significant increase in plasma viscosity. A dependency of FCD on plasma viscosity has been described for conditions of severe hemodilution (2, 3, 33) , which has been ascribed to shear stress-induced, nitric oxidemediated arteriolar vasodilation being required to maintain capillary pressurization (2, 3, 9) . However, during the moderate hemodilution applied in the present study, no such arteriolar vasodilation could be observed, which calls for alternative explanations not only for the behavior of FCD but also of capillary RBC velocity and perfusion. One interpretation may be found in the changes in macromolecular leakage. This parameter allows for a quantitative assessment of capillary leakage, which is an early sign of inflammation appearing in the course of compromised microcirculation such as that due to trauma (31), hemorrhagic shock (5), or ischemia-reperfusion injury (18) , and which is paralleled by the activation of the leukocyte-endothelium interaction particularly in the postcapillary venules. Leukocyte adherence, being an early step in this cascade of events, may augment resistance in this vascular segment considerably and thus impair capillary hemodynamics in critically perfused tissues (19) . Compared with both the control group and the HES group, macromolecular leakage was significantly reduced in the animals receiving vesicles. Therefore, it may be postulated that the beneficial effect of the vesicles on the capillary hemodynamics was related to a reduction of postcapillary resistance in terms of blunting leukocyte adherence. The capability of leukocytes to adhere to the endothelial wall may be diminished by increasing shear stress (21) , which is proportional to linear flow velocity and viscosity of the plasma and inversely proportional to vascular diameter. Provided that our data on plasma viscosity and capillary hemodynamics may be extrapolated to the conditions in the ischemic postcapillary venules, hemodilution with the vesicle solutions would result in a significant shear stress increase in these vessels compared with baseline and HES, respectively. This mechanism may be of a particular importance in case of ischemia-reperfusion injury after reoxygenation of critically ischemic tissue (16) , which may, at least partly, have taken place in the animals receiving HbVs, as evidenced by the improved partial tissue oxygen tension.
In the present preparation, macromolecular leakage appeared to be primarily related to the traumatization of the tissue as a consequence of its surgical manipulation (7), because similar values were obtained in both parts of the flap. However, it is conceivable that the ischemic tissue is more susceptible to changes in postcapillary resistance because of the diminished driving pressure in the collateralized arterioles that are nourished by connecting arterioles, in which perfusion pressures below 30 mmHg were measured, compared with ϳ45 mmHg in the arterioles feeding the anatomically perfused vasculature (3, 10) . With regard to the postulated effect of the vesicles on the postcapillary resistance, this would explain why the vesicle-related improvement of capillary hemodynamics was restricted to the ischemic tissue. Moreover, the vesicle-related increase in capillary perfusion coincided with a decrease in capillary diameters. Given the assumption that the perfusion increase was caused by a reduction of upstream vascular resistance, this would have led to capillary dilation as a result of increased intraluminal capillary pressure (3), whereas intraluminal capillary pressure decreases if vascular resistance is diminished on the postcapillary level. Therefore, the inversely proportional behavior of capillary diameter and perfusion further supports our assumption that the microhemodynamic benefit obtained with the vesicle solutions was predominantly due to its reduction of postcapillary resistance.
Although all capillary hemodynamic parameters in the ischemic tissue were restored to values close to baseline in the anatomically perfused tissue in the V-HES group, this was not sufficient to attenuate hypoxia or hypoxia-induced apoptosis. This suggests that in this group, oxygen delivery to the ischemic tissue is reduced because of a lack of oxygen content in its collateralized, arteriolar inflow, a condition that was presumably circumvented by the presence of Hb in the vesicles because of various reasons. First, the HbVs contribute to a total Hb increase, thus resulting in an enhanced oxygen-carrying capacity not only in terms of arterial oxygen content but also in terms of additional capillary, HbV-related oxygen flow that is not included in the index used to express capillary perfusion in the present study. Second, the high oxygen affinity of the HbVs may have attenuated the unloading of oxygen in the upstream vasculature before reaching the collateralized arterioles, which has been estimated to be as much as 40 -50% of the systemic arterial oxygen content (11, 30) . This hypothesis is supported by both experimental (15, 25, 30) and theoretical (34) studies, which showed that oxygen delivery may be shifted to the downstream direction if oxygen carriers with high oxygen affinity were infused. Third, because of their small size, HbVs may perfuse capillaries in the compromised microcirculation that are no longer accessible by RBCs. Indeed, HbVs were observed in capillaries showing a cessation of RBC flux (29) , which would virtually enhance the density of functional capillaries. Moreover, the occurrence of apoptosis leads to a reduction of oxygen consumption, thus raising partial tissue oxygen tension, provided oxygen delivery remains unchanged. Therefore, the partial tissue oxygen tension increase observed after HbV-HES may underestimate the improvement in oxygen delivery in comparison with the other groups.
In summary, on the basis of the unique constellation in which a HbV solution was compared with a nonoxygencarrying vesicle solution with identical physicochemical properties, we conclude that the presence of Hb in the vesicles is necessary to obtain an essential improvement of oxygenation and survival in the critically ischemic flap tissue. However, the benefit may, to a certain extent, be ascribed to the rheological changes provided by the vesicles, presumably by reducing postcapillary vascular resistance.
